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ABSTRACT

The response of the turbulent buoyant bottom Ekman layer near a temperature front over uniform topography
is studied here. The background stratification is variable across the slope; the upper slope is either neutrally or
stably stratified at one-half of the gradient of the lower slope region. In case 1, a time-dependent, spatially
uniform, along-isobath interior current with zero mean causes residual circulation across the boundary layer and
net detachment of the fluid from the boundary layer. For forcing with time scales longer than the shutdown time
scale[r, = f/(Na)?; e.g., as defined by McCready and Rhines, where f isthe Coriolis parameter, N is the Brunt—
Vaisala frequency in the lower slope region, and « is the bottom slope], it is shown that the front represents
an area of strong mean flow convergence and subsequent net detrainment of boundary layer fluid into the interior
and is also aregion of significant relative vorticity generation by the mean field. The residual circulation occurs
in the stratified region. However, its direction and magnitude are subject to the order at which the downwelling
and the upwelling phases occur because the lower and upper parts of the boundary layer respond differently to
the two phases. The results are sensitive to the choice of background diffusivity. Tidal forcing produces significant
differentiation in the results only when superimposed to the low-frequency current. The mean circulation then
has much weaker downslope and along-slope components to the right of the front (i.e., seaward of the front).
The strength of the detrainment at the front is found to be the same as in the low-frequency forcing case. In
case 2, constant southward current causes convergence in the boundary layer, upwelling into the interior, vertical
displacement of the isopycnals, and, through the thermal wind balance, a southward jet in the interior. This jet,
which istheresult of boundary layer dynamics and the presence of afront, could relate and explain the shelfbreak
jet. Asis shown here, a possible mechanism for the formation of an along-isobath jet (not just a shelfbreak jet)
is the convergence in the bottom boundary layer, which, according to buoyant Ekman layer theory, may occur
in the presence of one at least of the following: a front that intersects the bottom of constant inclination or

constant stratification and a shelfbreak.

1. Introduction

The evolution of the buoyant bottom Ekman layer
around a temperature front under constant interior forc-
ing has been addressed in several papers (Romanou and
Weatherly 2001, hereinafter RW-1; Chapman and Lentz
1994; and Chapman 2000). The first part of the present
study is an extension of RW-I. Unlike in other studies,
atime-dependent interior current with zero mean iscon-
sidered here. In the second part of the study, a stably
stratified upper-slope region and a constant interior cur-
rent, similar to Chapman and Lentz (1994) and Chap-
man (2000), are studied.

The effect of the temporal variability of the interior
current on the bottom boundary layer (BBL) flow has

* Current affiliation: Courant Institute of Mathematical Sciences,
New York University, New York, New York.

Corresponding author address: Dr. Anastasia Romanou, Columbia
University, 2880 Broadway, New York, NY 10025.
E-mail: ar2235@columbia.edu

© 2004 American Meteorological Society

been discussed by various authors. Weatherly (1975)
studied numerically the diurnal tide with no-zero mean
in the presence of stratification and over both a level
and a sloping boundary. Some of the important char-
acteristics of the time-dependent turbulent Ekman layers
were described: the hysteresis effect, that is, the fact
that because of friction the bottom currents in the BBL
are out of phase and essentially lead over the interior
driving currents, the presence of transients (inertial os-
cillations), and the lack of repeatability over different
tidal cycles because of their effect. The formulation of
the BBL height under nonstationary conditions wastest-
ed and found to be in reasonable agreement with ob-
servations from the Straits of Florida.

In a subsequent paper, Weatherly et al. (1980) pro-
posed a technique for the calculation of the BBL height
and the bottom stress. The interior driving current was
decomposed into a steady flow and two polarized tidal
currents (clockwise and counterclockwise). It was
shown that the clockwise tidal current with frequency
comparableto thelocal Coriolisparameter createsthick-
er boundary layers and the bottom drag is increased.
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Richards (1982) also studied the effect of tidal forcing
in the benthic boundary layer using a numerical model
with a second-order turbulence closure scheme. Both a
neutrally and a stably stratified ocean over aflat bound-
ary were considered and a phase shift between the shear
and the stress was observed. The author suggested that
rapid distortion effects are responsible for the hysteresis
since the typical turbulence time scale is much greater
than the interior forcing time scale. The phase shift was
found to reduce the production of turbulence signifi-
cantly. He also found that the growth rate of the bottom
mixed layer (BML) height is 30% less under tidal forc-
ing than under a constant interior current of the same
magnitude.

The importance of using time-dependent eddy vis-
cosity models to study the tidally and inertially driven
boundary layer flows was pointed out by McLean and
Yean (1987). Using a one-dimensional, time-dependent
model and comparing the results to deep ocean obser-
vations, they predicted increased boundary layer veloc-
ities and stresses and argued that, if the mixed layer is
thinner than the boundary layer, shear is introduced at
the top of the boundary layer.

Furthermore, observations from the northern Cali-
forniashelf suggest that the BML height decreaseswhen
the interior current is such that the Ekman transport is
upslope. Lentz and Trowbridge (1991) attributed the the
thinning of the mixed layer to the upslope advection of
colder water during upwelling.

Theresponse to alow frequency and to atidal interior
flow were examined numerically by Ramsden (1995).
He used a one-dimensional model in which the eddy
viscosities and diffusivities depended on a gradient
Richardson number criterion. The BML height and the
mixing rate were found to depend on the interior bound-
ary condition, that is, on whether a pressure forcing was
present. In the low-frequency-forcing case, the Ekman
flow was arrested during both parts of the forcing cycle,
and the mixed layer height evolution was in agreement
with observations. In the tidal case, net upslope flow
and weak average mixing rates were predicted.

The one-dimensional numerical description of the
BBL evolution under time dependent forcing using the
Mellor—Yamada level-2 closure scheme (Middleton and
Ramsden 1996) showed that the BBL height continues
to grow during the downwelling decel eration phase and
that the cross-slope velocity and stress component lead
over the interior current. The authors attributed the
phase difference to the thermal-wind shear that is main-
tained at the top of the boundary layer. During the up-
welling deceleration phase, the bottom stress and the
boundary layer height decreased and at the end of the
cycle a net upslope flow of 0.5 cm s—* was established.
Residual along-slope flows were not considered.

Several authors (Pickart 2000; Chapman 2000; Fra-
tantoni et al. 2001; L ozier and Gawarkiewicz 2001) have
described the shelfbreak jet in the Middle Atlantic Bight
associated with the existence of the shelfbreak front.
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Pickart (2000) looked at detailed hydrographic mea-
surements near a shelf break for the PRIMER experi-
ment area. He found that the density front was centered
at 90 km from the coast, 40 km farther upslope (to the
left) of the shelf break. In fact, another drop in the
topography at 100 km from the coast was actually closer
to the front. The author also used an advective—diffusive
model to explain the jet. Implications of BBL dynamics
in the formation of the jet could not be made because
there were the observations of the hydrographic struc-
ture of the BBL only extended to 3-5 m above the
bottom.

Chapman (2000) studied the offshore displacement
of the Middle Atlantic Bight front. He found [as did
Gawarkiewicz and Chapman (1992), Chapman and
Lentz (1994), and Yankofsky and Chapman (1997) ear-
lier] that both the along-slope and the cross-slope evo-
lution of the boundary layer need to be taken into ac-
count for the formation and maintenance of the front.
As in RW-I, the convergence at the bottom boundary
layer caused the flow to leave the BBL and move up-
ward. However, in al the above studies (except in RW-
I) the final position of the front on the slope, which was
caused by the inhibition of the bottom Ekman flow, was
not necessarily related to the shelf break. The front
stopped migrating farther offshore at a depth h =
(2Mfp,/g")¥2, where M is the transport of the front, f
is the Coriolis parameter, p, is the ambient density, and
g’ isthereduced gravity describing the front (Yankofsky
and Chapman 1997). Chapman (2000) showed that this
depth is much shallower if there is background strati-
fication. However, although Chapman (2000) demon-
strates very successfully the effect of BBL dynamicson
the front migration, its final location is not the shelf
break. In the present study, and in the discussion section,
it is shown that BBL dynamics may create a shelfbreak
front.

Fratantoni et al. (2001) described the structure and
dynamics of the shelfbreak jet during autumn and win-
ter, showing that to first order it is a geostrophic current.
Lozier and Gawarkiewicz (2001) described the structure
and cross-stream exchanges of the shelfbreak jet using
surface driftersand found that it isarobust feature along
the Middle Atlantic Bight from Georges Bank south-
ward to Cape Hatteras.

The present paper is organized as follows: The the-
oretical framework and a brief description of the model
used are given in sections 2 and 3, respectively. In sec-
tion 4, the results of an ensemble of model runs are
presented. In section 4a a time-dependent, low-fre-
guency interior current, a constant bottom slope, a neu-
trally stratified upper slope, and a stably stratified lower
slope are considered. The sensitivity of the results of
the standard case [section 4a(1)] are tested under var-
iation of controlling parameters such as an extended
forcing cycle [section 4a(2)], a reversed forcing cycle
[section 4a(3)], increased background diffusivity [sec-
tion 4a(4)], and increased bottom inclination [section
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FiG. 1. Schematic representation of the low-frequency-forcing case.
Boundary layer formed over bottom with constant slope and varying
interior stratification. The time-dependent interior current V, flows
aong the isobaths (i.e., in the y direction), and the Coriolis parameter
f is positive. The temperature jump above the BBL in the upper-
slope region limits the BBL thickening and is similar to the BBL
over alevel bottom while the BBL in the stratified region is a buoyant
BBL.

4a(5)]. In section 4b a constant interior current, a stably
stratified upper slope, and twice as much stratified lower
slope are considered, and the effect of the boundary
layer dynamics to the interior current is discussed.

2. Methodology
a. Model domain

In the first part of the present study, and following
RW-1, the upper part of the study areaisalmost neutrally
stratified (Fig. 1). A small temperature jump isinitially
inserted 5 m above the bottom to limit the BBL thick-
ening. The BBL in this region is essentially the same
asthat above alevel bottom. The lower part of the study
area (Fig. 1) isuniformly stratified with level isotherms
(isopycnals) in the interior. The interior current is uni-
form, flowing along the isobaths, and its magnitude
varies with time.

In the second part, the upper slopeis also stably strat-
ified at one-half of the stratification of the lower-slope
region. In this case, the interior current is flowing along
isobaths but its magnitude is constant.

b. Governing equations

Following RW-I, the momentum equations for a
Boussinesq, rotating stratified ocean in a bottom em-
bedded coordinate system are
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—p, + BT — T)
+ (AU, + (Au), (D)

u+u-Vu-— fv=

and

Ut + U : VU + fu (Axvx)x + (AZUZ)Z’ (2)

where the x axis points downslope across the isobaths
and x = 0 is the location of the front initialy. The z
axis is perpendicular to the bottom boundary and the
bottom slope « is assumed small so that sina = « and
cosa = 1. Only terms greater or equal to O(«) are
retained, the interior velocity V, = p,/(pf) is uniform
along the slope and so is T, the background temperature
field. A linear equation of state is assumed, that is, the
density variations result from temperature changes only,
plp, = (1 — BT), where B is the thermal expansion
coefficient; AxZ are the eddy viscosities.

The density and continuity equations maintain their
form in the rotated coordinate system:

T, + uT, + wT, = (K*T), + (K=T,), (3)
and
u +w,=0, 4
where K*2 are the eddy diffusivities for heat.

¢. Boundary and initial conditions
To close the problem, the following boundary con-
ditions need to be employed. At the bottom (z = 0),
there is the slip condition,
u=wv=0,
and the insulated bottom,
T.=0, (6)

that is, no heat flux through the bottom. The kinematic
bottom boundary condition isensured by parameterizing
the logarithmic layer in the BBL.

At the top of the domain, well outside the bottom
boundary layer; that is, asz - <o,

p, = fV, and @)

T,=0. (8

The top boundary is considered to be thermally insu-
lated and the side boundaries are perfect conductors of
momentum and heat.

©)

d. Parameters and scaling

In the first part of the study, the pressure gradient at
the top of the model (p,, p,) is set to (fV,, 0), where
V, = V, sinwt and V, = +15 cm s~*. The background
stratification T, = 7 X 10-4°C cm~*, and the interior
Brunt-Vaisda frequency N = 1.28 X 102 s, The
bottom slopeis a = 2.4 X 103, the thermal expansion
coefficient is B = 2.4 X 10-* °C~%, and the Coriolis
parameter is f = 6.3 X 105 s 1.

In the second part of the study, the parameters are
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kept the same except that the upper half of the domain
isalso stably stratifiedat T, = 3.5 X 10-“°Ccm~tand
the geostrophic current is constant V, = V, = —15cm
s L

In the following, positive (negative) y direction or
flow with shallow water on the left (right) will berelated
for simplicity, albeit not precise, to the notion of north
(south). The background vertical eddy viscosity and the
eddy diffusivity are A3 = 102 cm? st and Kz = 102
cm? s, respectively. The parameterization is chosen
to facilitate comparison with Middleton and Ramsden
(1996).

For this problem (and asin RW-I), the McCready and
Rhines (1993) time scale,

7o = f/(Na)?2 = 185 h, 9

is the time for the buoyancy termsin Eg. (1) to become
the same order of magnitude as the Coriolis and tur-
bulence terms. In the first part of the paper, over the
lower slope region, the characteristic time scale of the
flow is 7 = 2w * > 7,. Therefore the BBL Ekman
flow will be arrested by buoyancy there, while on the
upper region the Ekman flow is not arrested. In the
second part, the characteristic time scale of the flow is
larger than the McCready and Rhines (1993) time scale
in both the upper and the lower slope; therefore, the
Ekman flow is arrested in both regions.

3. The numerical model

The model used in the following simulations is the
three-dimensional primitive equation Sandia Ocean
Modeling System (SOMS-3D), developed by Dietrich
et al. (1987) and Dietrich (1993). An initial surface
mixed layer 5 m deep is assumed everywhere acrossthe
slope. In the first part of the paper, above the upper
slope a steplike temperature jump at z = 5 misassumed
so as to limit the BBL thickening there. Basically the
boundary layer in that region is similar to that over a
level bottom boundary capped by a temperature jump
(Weatherly and Martin 1978). In the second part of the
paper, both upper and lower slope are stratified and the
initial BML height is 5 m.

The domain is L = 160 km wide across and aong
the slope and the depth H = 100 m. The grid spacing
is 6x = 2 km and 8y = 50 km. Sensitivity runs with
ox = 500 m show that the results were nearly insensitive
to the resolution (some discussion will be given in the
last section). The bottom is assumed hydrodynamically
rough and the roughness length scale z, is taken as
constant, z, = 3 X 10-2 cm. The vertical grid is
stretched, being logarithmic close to the bottom and
linear in the interior. There are four levels within the
first 5 m while in the interior dz = 3 m. The time step,
St = 20 min, is chosen to satisfy the Courant stability
criterion C(6t/6x) < 1, where C is the speed of the
fastest-moving internal wave. For the higher-resolution
runs the time step is decreased to 1 min.
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The horizontal diffusivities are modeled according to
Yamada (1979), with the background diffusion of mo-
mentum and heat equal to 10-*and 5 X 10-2 cm? s7¢,
respectively. The Mellor—Yamada 2%-order turbulence
closure scheme (1982) is used for the calculation of the
vertical eddy viscosity and diffusivity. To ensure the no-
slip boundary condition at the bottom, the logarithmic
“law of the wall” is applied at the lowest vertical grid
levels. To eliminate the static instabilities, the Mellor—
Yamada scheme is implemented with a convective ad-
justment scheme that instantaneously (i.e., at every time
step) mixes any unstable regions. Further details on the
numerical scheme can be found in RW-I.

4. Results

a. Low-frequency interior current with neutrally
stratified upper slope and uniformly stratified
lower slope

1) Low BACKGROUND DIFFUSION

In general the oceanic interior currents are time de-
pendent and with a wide range of frequencies. One [ow-
frequency variability with a period of about 23 days,
observed in the Cape Hatteras shelfbreak region (Kim
et al. 2001), is considered here. The interior along-iso-
bath current varies in time as V, = V, sinwt, where o
= 27m/23 days = 3.2 X 10 s *and V, = 15cm s
The upper slope is nearly neutrally stratified and the
lower slope region is uniformly stratified. In the fol-
lowing, this experiment will be referred to as the *‘ stan-
dard case.”

During the first half of the cycle (upwelling phase),
the northward interior current effects an upslope Ekman
flow; during the second half (downwelling phase), the
southward current causes reversal of the flow in the
Ekman layer as well. Since the shutdown time scale
[Eg. (9)] is much less than the period of the flow (7,
< 7= 27w?t) and as Middleton and Ramsden (1996)
suggested, the buoyancy term in Eq. (1) becomes im-
portant inside the BBL over the lower slope throughout
the forcing cycle.

In the lower slope region for the first quarter of the
cycle, when the current is accelerating northward and
an upwelling Ekman flux is established inside the
boundary layer, turbulence is inhibited and the mixed
layer collapses (Figs. 2c,d). The BBL current leads the
interior current [as in Weatherly (1975) and Richards
(1982)]. Middleton and Ramsden (1996) noted that this
phase shift is strongly affected by the thermal wind
effects in the BBL. The stratification inside the BBL is
reduced toward the end of the second quarter. Before
the cycle is completed there is upwelling close to the
boundary due to the phase shift and the lower part of
the mixed layer restratifies.

This behavior is extended to the area immediately
around the front. During the first half of the cycle, up-
welling leads to the collapse of the mixed layer at 2 km
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Fic. 2. Low-frequency forcing: vertical profiles upslope (first column), before the front (second column), after the front (third column),
and downslope (last column) of temperature (°C), cross-slope velocity u (cm s—1), and along-slope velocity v (cm s71) at one-quarter cycle
(continuous line), one-half cycle (dashed line), three-quarters cycle (dashed dotted line), and end of cycle (continuous line with circles).
Labels at the bottom of each column indicate the cross-slope displacement relative to the initial position of the front.

to the left of the front but not as much as at 2 km to
theright of the front or farther downslope (Figs. 2b,c,d).
The velocity profiles to the left of the front show that
the flow there is little affected by the shutdown pro-

cesses on the lower slope (Figs. 2f,)).

During the second half of the cycle (downwelling),

the boundary layer over the lower slope remixes quickly
to 6 m during the accelerating quarter and to 8 m by
the end of the cycle. Both u and v have the same struc-
ture as at the upper slope region, except during the last
quarter where upwelling is still observed. To the right
of the front (Figs. 2c,g,k) the mixed layer collapses
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Fic. 3. Low-frequency forcing: cross-slope sections of the u, w velocity (cm s—*) at each quarter period.

during the first quarter and by the end of the second
one it has started restratifying. The average cooling and
subsequent warming of the column are less than in the
stratified region.

More concisely the circulation across the slope in the
(X, 2) plane is shown in Fig. 3. At the end of the first
quarter the flow is everywhere upslope, but stronger in
the upper half of the domain. Therefore, downwelling
isinduced at the center of the domain (Fig. 3a). By the

end of the first half of the interior forcing period the
flow inthe BBL isreduced and finally changesdirection
(now downslope) (Fig. 3b). For the remaining time the
flow increases in magnitude and is directed downslope
in the upper region, inducing upwelling in the middle
of the domain (Fig. 3c). By the end of the cycle the
flow in the BBL has already switched direction and now
flows upslope (Fig. 3d).

There is a net circulation at different levels in the
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(km) from the front (at x = 0 km). (i) Vertical integrals of the profiles shown in (a)—(h) of this figure represent net transports (X104 cm?
s71; left axis) across (dashed line) and along (continuous line) the bottom boundary. The right axis shows the displacements (km), which

is the depth-averaged mean velocity for the entire time period.

BBL everywhere across the slope. However, this rec-
tified flow at the top of the slope (Fig. 4a) is an artifice,
partly of the BBL thickening during the last half of the
cycle and partly of the hysteresis effect. Note that, as
expected, the BBL transports are very nearly zero there
(Fig. 4i). Close to the front (Figs. 4b—d), the mean flow
turns increasingly downslope and to the south through-
out the boundary layer. At 5 m above the bottom at the
front, the alongslope flow reverses direction and flows
northward, with its magnitude increasing farther down-
slope. Therefore, thefront is both an area of mean cross-

slope flow convergence and of mean vorticity, v,, gen-
eration.

Net downslope circulation is expected at the upper
levels of the BBL in the stratified region. This can be
justified as follows. In Fig. 2h, the BML is 10 m thick
during the downwelling phase and only 2 m during the
upwelling phase. Therefore between 2 and 10 m above
the bottom, there is a net cross-isobath flow (down-
slope). However, in the lower BBL there is both upslope
and downslope motion during the cycle, the relative
strength of each depending on the choice of background



May 2004

diffusion (RW-1; Middleton and Ramsden 1996). For
low (i.e., molecular) background diffusion there is net
downslope circulationin thelower BBL (Fig. 2h). How-
ever, for high background diffusion (1 cm? s-*) there
is upslope transport in the lower BBL (Middleton and
Ramsden 1996; Romanou 1999, her Fig. 5.25).

By the end of the cycle the along-slope circulation
to the right of the front is to the north throughout the
boundary layer (Fig. 2I) because the linear profile at the
top of the downwelling boundary layer (above 2 m)
reduces v faster than during the upwelling phase where
v is positive. At the same time v leads the forcing and
that imposes a northward circulation at the end of the
downwelling phase and within a boundary layer 12 m
thick. The net effect is a northward transport (Fig. 4i).

Upslope of the front the net displacement of the fluid
particlesinside the BBL (vertical integral of the profiles
in Figs. 4a—h) is negligible. However, over the lower
slope the net displacements are 4 km downslope and 11
km to the north. The most extreme downslope displace-
ment, almost 8 km, occurs at the front because during
downwelling u there is larger than farther downslope.
During upwelling the area to the right of the front ex-
periences the intrusion of cold and slow slope water
(Fig. 2f). The mean along-slope displacement is almost
8 km to the south to the left of the front and 23 km to
the north to the right of the front.

In RW-I it was shown that during upwelling Ekman
flow divergence around the front entrains interior fluid
toward the boundary layer, and during downwelling Ek-
man flow divergence detrains boundary fluid into the
interior. As in RW-I Fig. 13a, passive tracer (dye) is
injected over the lower half of the slope and its initial
concentration is uniform up to 5 m above the bottom.
Subsequently and since the divergence/entrainment
(Figs. 5a,b) and the convergence/detrainment (Figs.
5¢,d) occur at different positions downslope and have
different magnitudes, there is eventually a net effect in
theinterior. Thus, at the end of the cycle (Fig. 5d) tracer
is detrained from the BBL around the front to 40 min
the interior. Further, tracer on the slope is advected 10
km upslope by the end of the first quarter (Fig. 5a), 18
km by the end of the second (Fig. 5b), and by the end
of the cycle it has retreated to almost 6 km (Fig. 5d).

2) A SECOND CYCLE

During a second cycle with the same interior forcing,
the profiles over the upper slope change little. Farther
downslope the temperature profile is quite different at
the beginning of the second cycle (Fig. 5d) than it was
at the beginning of the first cycle. The BBL velocity
field is not zero at the beginning of the second cycle,
and therefore during the upwelling phase only the lowest
part of the BML restratifies. The rest remains almost
unaffected. Such staircase-like layers were observed by
Lentz and Trowbridge (1991) offshore on the north Cal-
ifornia shelf and have been modeled with an upwelling
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phase following a downwelling one by Middleton and
Ramsden (1996).

As expected, the two cycles are very similar only in
the upper slope. However, the asymmetry between the
upwelling and downwelling parts of the first cycle, as
well as the fact that the fluid column does not respond
in-phase with the interior current (because of the hys-
teresis effect), impose a net circulation as initial con-
dition for the second cycle. The focus of the present
study is how such staircase like layers affect the region
around a front.

Unlike thefirst cycle, the BBL gjects fluid toward the
interior during both the upwelling and downwelling
phases, and by the end of the cycletracer isfound farther
up in the interior (100 m above bottom Fig. 6) as com-
pared with only 40 m at the end of the standard cycle.
During upwelling (Figs. 6a,b) cold slope water extends
to 15 km upslope to the left of the front; the mixed layer
is very thin (about 1 m) and is capped by a strong
stratification. The mixed layer to the left of the front is
also modified to 30 km to the right of the front. During
the downwelling phase (Figs. 6¢,d) the mixed layer
shows staircase-like form to the right and farther down-
slope from the front, and tracer is found up to 10 km
to the left of the front.

3) REVERSED INTERIOR CURRENT

Asthe results of Middleton and Ramsden (1996) sug-
gest, a cycle of interior forcing where the upwelling
phase precedes the downwelling one [as in section
4a(1)] will result in adifferent BBL structure than when
the downwelling phase occurs first. Moreover, the BBL
flow adjustment during the second cycle of the interior
current [section 4a(2)] was shown to create staircase-
like mixed layers in the lower slope during upwelling.
By reversing the direction of the interior current of sec-
tion 4a(1), it will now be shown that these differences
are the result of another kind of asymmetry, a phase
asymmetry: the BBL response depends on the order in
which the upwelling and the downwelling phases occur
(i.e., which one comes first). The focus is again on the
region around the front.

The reversal of the interior current does not greatly
affect the detrainment of BBL flow and tracer toward
theinterior (asacomparison of Fig. 7 and Fig. 5 shows).
By the end of the cycle there is again net detrainment,
and tracer has reached 40 m in the interior. The BML
at day 11.5 is very similar to the BML at day 23 in the
standard case (Fig. 5d). The two BBLs however evolve
very differently during the upwelling halves of the cy-
cles. Staircase-like frontsdevel op in this case al so, keep-
ing the lower BBL to theright of the front less stratified
(more mixing). By the end of the cycle more cold slope
water has reached to 16 km upslope from the front (Fig.
7d). A larger area to the right of the front is affected
(20 km vs 6 km in the standard case).
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Fic. 5. Low-frequency forcing: passive tracer and temperature (°C) sections across the bottom boundary at the end of each quarter cycle.
The horizontal axis is the distance from the initial position of the front (at x = 0 km). Tracer concentration legend is aso shown. Isotherm

contour interval = 0.5°C; max temperature = 16.18°C.

4) HIGH BACKGROUND DIFFUSION

In RW-I and Middleton and Ramsden (1996), in-
creasing the background diffusivitiesto Ay = Ky = 1
cm? s~ was shown to affect the BBL in the stratified
region greatly. The effect of eddy rather than molecular
background diffusivities to the BBL around the front is
explored here.

Far to theright of the front the mean circulation (Fig.
8a) is directed to the north, as in the standard case [ sec-
tion 4a(1)], and upslope, unlike the standard case. In

fact, the current there is weaker at the end of the down-
welling phase than at the end of the upwelling phase,
unlike the low-diffusion case but consistent with the
stronger arrest of the downwelling Ekman flow in the
high-background-diffusion case [discussed in RW-I and
sections 4a(2) and 4b(2)]. The net displacement over
one cycle is 2 km upslope and 7 km to the north (Fig.
8a) as opposed to 4 km downslope and 11 km to the
north in the standard case (Fig. 4i).

Around the front the transport isin the same direction
as in the standard case. To the left of the front the
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Fic. 6. Second cycle: asin Fig. 5, passive tracer and temperature (°C) sections across the slope at the end of each quarter cycle. Isotherm
contour interval = 0.5°C; max temperature = 16.18°C.

displacement is 7 km (8 km) downslope and 26 km (8
km) to the south, while to the right of the front the
displacement is 5 km upslope and 30 km (23 km) to
the north (in parentheses are the respective values for
the standard case). Again, the region of the front is an
area of strong cross-slope velocity divergence and
along-slope vorticity input (Romanou 1999).

5) STEEPER SLOPE

In RW-I1, increasing the inclination of the slope region
to 7.2 X 1073, that is, 3 times that in the standard case,

led to a faster arrest of the Ekman flow in the stratified
region. Also, the area around the front that became af-
fected was narrower.

Here, over the lower slope the mean cross-slope com-
ponent is essentially zero because of the stronger shut-
down of the Ekman flow there (Fig. 8b). The along-
slope displacement, however, is greater than in the stan-
dard case (20 km northward).

To the left of the front the maximum downslope dis-
placement is 3 km and the maximum along-slope dis-
placement is 7 km to the south. To the right of the front
the mean displacement is ailmost 40 km to the north.



1060

(a) day=5.75

40

30+

Height (m)
(el
o

0 JANEEEEER

-40-30-20-10 0 10 20 30 40
(c) day=17.25

40 S e T T

30

Height (m)
]
o

—
o

o A : _
-40 -30-20-10 0 10 20 30 40

| |

I I
0 0.1 02 03 04

JOURNAL OF PHYSICAL OCEANOGRAPHY

VoLUME 34

(b) day=11.5
40 " " " "

Height (m)
n w
& &

—
o

)

0= ‘
30 40

-40-30-20-10 0 10 20
(d) day=23

40

Height (m)
no w
© S

—_
o

[yl W
s sty
4 A -
0 =k .

05 06 0.7 08 09 1

Fic. 7. Reversed interior current: as in Figs. 5 and 6, passive tracer and temperature (°C) sections across the bottom boundary at the end
of each quarter cycle. Isotherm contour interval = 0.5°C; max temperature = 16.18°C.

Over the upper slope, far to the left of the front, the
upslope net motion in the BBL is consistent with the
steep-slope results of RW-1, where it was noted that
during upwelling (downwelling) the upper-slope (lower-
slope) BBL stress and transport were stronger (weaker).
This was attributed to appreciable entrainment of sur-
rounding interior fluid into the vertical flow *‘column”
at the front. This effect is not noticeable in the standard
run because there the flow column is not as narrow, and
therefore the entrainment transport not as pronounced.
The entrainment affects the transport to the left of the

front only when the column is downward and discharges
into the BBL there.

That the above noted asymmetry should also result
in arectified southward alongsl ope transport on the BBL
to the left of the front can be seen by integrating Eq.
(1b) of RW-I across the BBL:

h T l T
j j vdtdz=— f ™(z,) dt,
0 0 f 0

where h is the BBL height, T = 27rw~* = 23 days is
aforcing cycle, and m™(z,) is the bottom stress in the x

(10)
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(a) left axis: Transport (104 cm2/sec)
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right axis: Displacement (km)
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Fic. 8. Transports (X104 cm? s7; left axis) across (dashed line) and along (continuous line)
the boundary. (a) Low-frequency forcing with high background diffusion and (b) low-frequency
forcing over steeper slope. The right axis shows the displacements (km), which is the depth-
averaged mean velocity for the entire time period.

direction. Because of the asymmetry in the cross-slope
transport,

T/2 T
f |7(z,)| dt > f |7(z0)] dt,
0 T/2

and the right-hand side of Eq. (10) is negative, that is,
there should be a net southward BBL transport.

6) TIDALLY MODULATED LOW-FREQUENCY
INTERIOR CURRENT

In this section, the effect of higher-frequency forcing
(nearly tidal) isexplored. Tides, ubiquitousin the ocean,
sometimes are the dominant variability on the conti-
nental shelf and slope, and substantial research has fo-
cused on their effect at these areas.

Middleton and Ramsden (1996) studied the BBL
structure and evolution over the continental slope under
tidal forcing. They found that there was essentially zero

rectification and essentially no net transport across the
slope due to the tides. Several assumptions that were
made in their study, as well asin the present one, must
be taken into account when comparing with observa-
tions: the model geometry was simplified, no along-
slope variability was alowed, and in one case only pure-
ly tidal forcing was considered. In nature, along-slope
flow evolution and interaction with flows with longer
time scales may explain why tidal rectification is im-
portant in other continental shelves areas, for example,
Georges Bank.

Under pure tidal forcing in the experimental set up
of the standard case, Romanou (1999) also showed that
the buoyancy effects never become important in the
stratified region of the slope. The buoyancy field chang-
esonly because of the background diffusion. No arrested
Ekman layer develops in the stratified region [in ac-
cordance with Middleton and Ramsden’s (1996) results],
and thus no detrainment/entrainment occurs around the
front. This is because the shutdown time scale is 7, =
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Fic. 9. Tidaly modified low-frequency current: passive tracer and temperature (°C) sections across the bottom boundary at the end of
each quarter cycle. Isotherm contour interval = 0.5°C; max temperature = 16.18°C.

18.54 h and the natural time scale of the flow is of the
same order of magnitude as the shutdown time scale;
that is, 7o = 7= T L.

In this section, the combined effect of a low-fre-
guency interior flow [as in section 4a(1)] and a super-
imposed tidal oscillation with amplitudeVi = 8 cm s—*
is described. The interior current isthen V = V, sinwt
+ V{7 sinw,t.

The convergence and detrainment around the front
due to the tide do not result in more effective detrain-
ment of BBL fluid into the interior (Fig. 9). In both
cases, by day 23, tracer is gjected up to 40 m in the

interior. However, gjection of tracer intheinterior occurs
all along during this cycle and not only during the down-
welling second half of the cycle, asin the standard case.
Also, tracer reaches farther upslope from the front (to
10 km) than in the standard case (6 km).

The intrusion of cold lower-slope water to the area
left of the front, which occurs during the first half of
the cycle (note day 11.5in Fig. 5b and Fig. 9b), extends
to greater distances also (20 km here than 10 km in the
standard case). The mixed layer over the lower slope
does not collapse completely at the end of each quarter,
which is an indication that some mixing is maintained
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interior current.

by tides (Fig. 9). A strong thermocline caps the thin
mixed layer. Also, the BBL height at the end of the
downwelling phase is the same as in the standard case
despite the more vigorous forcing here.

b. Variable interior stratification

In this section, the upper slope is assumed to be stably
stratified at one-half of the gradient asin the lower slope.
The interior current is constant at —15 cm s—* (see sec-
tion 2d).

Then, the southward-flowing constant interior current
will impose a downslope Ekman flow that is shut down
faster on the lower half of the slope. BBL flow con-
vergence around the front and upwelling (Fig. 10a)
cause the isotherms in the interior to dome accordingly.
Thermal wind balance in the interior,

v(@) =V, + % J - (T-T),— «T—T),] dz (11)

implies that the interior current V, above the conver-
gence region will accelerate (Fig. 10b) by an amount
given from the second term in the right-hand side in
Eq. (11). The distortion of the interior density field is
caused entirely by BBL dynamics that give rise to con-
vergence within the BBL and detrainment toward the
interior. This narrow accelerated interior current (*‘jet’”)
occurs exactly above the foot of the front (Fig. 10b) and
is 10 km wide across the slope. The jet is verticaly
coherent and about 2 cm s~ faster than the geostrophic
current.

It is shown therefore that the existence of a density
front over a constantly sloping bottom (no shelf break)
will give rise to a jet in the interior. In the following
section an argument will be given for the dynamic sim-
ilarity of the jet described here to the shelfbreak jet that
has been described by several authors (Pickart 2000;
Chapman 2000; Fratantoni et al. 2001; Lozier and Ga-
warkiewicz 2001).
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TaBLE 1. Cross-slope and along-slope displacements (km) for each model run. Positive values indicate downslope and northward flow,
and negative values indicate upslope and southward flow.

Left of the front Right of the front Downslope
Downslope North Downslope North Downslope North
Standard 8 -8 4 23 4 11
Second cycle 10 -10 -20 100 0 67
Reversed cycle 3 -7 -1 40 3 47
High diffusion 7 —26 -5 30 -2 7
Greater slope 3 -7 0 40 0 20
Tide plus low frequency 5 -9 15 5 15 0

5. Summary and conclusions

In the first part of the paper, the effect of a time-
dependent interior current with zero mean on the BBL
around a temperature front was shown to depend pri-
marily on the frequency of the oscillation and in par-
ticular on the relation between the period of the oscil-
lation and the spindown time.

A low-frequency forcing that allowed buoyancy to
become important in the stratified region of the slope
resulted in divergence of the BBL flow around the front
and entrainment of interior fluid into the BBL during
upwelling Ekman flow. During the second half of the
cycle, downwelling Ekman flow in the BBL led to con-
vergence around the front and detrainment of BBL fluid
toward the interior. In general during upwelling (down-
welling) the flow at the front exhibited lower (upper)
slope flow characteristics. The asymmetrical response
of the boundary layer to the downwelling and upwelling
parts of the flow and the increasing phase shift of the
current closer to the bottom were found to be the most
important mechanisms that control the BBL dynamics
in the vicinity of the front. The front was found to be
a site of large positive relative vorticity increase. The
entrainment and detrainment zones that occurred at dif-
ferent times of the cycle and at different positionsacross
the boundary (to the left and to the right of the front,
respectively) resulted in a net export of BBL fluid to-
ward the interior as pronounced as that of a steady
downwelling forcing (as in RW-1).

These results are in good agreement with observa-
tional studies by Houghton and Visbeck (1998). They

TABLE 2. Height above bottom that the detrainment of BBL fluid
reaches over the first half and the second half cycle of forcing. Po-
sition (absolute value) relative to the initial front (km) that tracer is
found at the end of a half and the entire forcing cycle.

Height above
bottom (m) Position (km)
First ~ Second First ~ Second
half half half half
Standard 15 40 18 6
Second cycle 75 100 15 10
Reversed cycle 30 40 10 8
Greater slope 18 50 15 10
Tide plus low frequency 15 40 18 10

injected dye tracer into the bottom of a front at the
Middle Atlantic Bight shelfbreak region and observed
its displacement and dispersion for 3 days. The average
flow in the stratified region above the BML was 2 cm
s~1, generally downslope in agreement with Figs. 4g
and 4h. The diapycnal diffusivity that they deduced was
6 X 1072 cm? s, although they stressed that variable
eddy diffusivity as large as 10 cm? s—* was justified for
numerical simulations of the BBL flow. Herethevertical
eddy diffusivity ranges between 0.08 and 13 cm? st
(Romanou 1999). Last, the observed detrainment ve-
locities were around 4—7(X10-3 cm s~1) whereas here
the detrainment or entrainment vel ocities range between
5 X 10~4and 5 X 10-3 cm s, which can be verified
from Figs. 2e-h if one considers gu/ax for the same
times of the cycle.

The displacements across and along the slope for the
standard and all subsequent model runs are summarized
in Table 1. The detrainment of BBL fluid into theinterior
after a half and a full cycle of forcing for each model
run are also summarized in Table 2.

During the second cycle of the same low-frequency
forcing, the detrainment around the front was doubled.
The net circulation above the lower slope had a stronger
northward component and a much reduced downslope
component. Relative vorticity was again increased at
the front. In general, the second cycle gave a much
different picture around the front. The second upwelling
phase acted upon a very thick mixed layer produced by
the downwelling phase of the first cycle. Only the lower
levels of this mixed layer restratified, while the top lay-
ers maintained the downwelling character (staircase-like
layers).

Increasing the background diffusivity resulted in are-
duction of the net northward flow and a reversal of the
net cross-slope flow (small upslope flow). Around the
front both transports were the same qualitatively but larg-
er in magnitude. Therelativevorticity increasewaslarger.

When the forcing cycle was initiated with a down-
welling rather than an upwelling phase, more cold slope
water ended up on the upper slope. This cold tongue of
slope water to shallower depths implies more transport
of nutrients upslope that could be vital for benthic pop-
ulations there.

Increasing the slopeinclination led to larger net north-
ward flow and smaller downslope. Again, the vorticity
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input around the front was increased relative to the stan-
dard case and the detrainment more vigorous. The in-
trusion of lower-slope flow to the left of the front was
also shown to be more effective and persistent (Ro-
manou 1999). The basic assumption behind this study
had been that the far fields in the upper and lower slope
regions (i.e., far away from the front) are independent
and only interact around the front. However, this case
shows that the front affects the flow on the upper slope.

Tidal forcing was shown to have no effect at thefront,
in agreement with Ramsden (1995), because the tidal
period was much less than the spindown time. The buoy-
ancy force did not have time to arrest the Ekman flow
and thus no entrainment or detrainment occurred at the
front. However, tidal forcing superimposed on a low-
frequency current resulted in effects quite different than
those of a low-frequency forcing case alone. On the
lower slope the net circulation was again downsl ope but
much weaker. Around the front the mean along-slope
circulation became more southward before the front and
less northward after the front. Because of the presence
of the tide, the lower slope maintained some turbulent
mixing, even astheforcing decel erated and theintrusion
of lower slope flow extended farther to the left of the
front. However, the detrainment was not found to be
more effective in exporting boundary layer flow towards
the interior than the standard case.

Middleton and Ramsden (1996) noted that the cross-
slope residual flow on the stratified slope region may
be too small relative to other cross-slope flows to be of
any importance. However, MacDonald et al. (1999,
manuscript submitted to Mar. Ecol. Prog. Ser.) found
that, for some benthic organisms (sea fans) on the con-
tinental slope, the residual across slope flows may be
important. While the along-slope flows (both mean and
transient) were much stronger than the across-slope
flows, the sea fans aligned themselves to capture the
downslope effects. In the present work, downslope flow
was encountered on the lower slope two out of three
times [sections 4a(7), 4a(3), and 4a(4)]. Some current-
meter record measurements (Harkema and Weatherly
1996) also show persistent downward flow in a BBL
over the slope in aregion where the flow above the BBL
was variable and predominantly along the isobaths.

The finding of rectified, residual, along-isobath flows
and transports in the BBL was unexpected. While the
values are sensitive to initial conditions at the start of
each cycle, the choice of background diffusivity, and
whether tidal effects areincluded, the rectified flowsare
large. They typically ranged between 1 and 6 cm s¢,
and the associated along-isobath displacements over 23
day tidally modulated cycle dynamically varied by tens
of kilometers, sometimes about 100 km. They were due
to asymmetries in the cross-slope component of the bot-
tom stress (typically upwelled BBLs are more effec-
tively arrested than downwelled ones) and thermal wind
flows generated in the BBL, and tended to be larger
around the front. Whether these rectified, along-isobath
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Fic. 11. Schematic representation of thelow-frequency forcing case
near the shelfbreak: Ekman flow (arrows) over boundary with variable
slope and constant stratification N2. The interior current V, is time
dependent (T = 23 days) and flows southward; the Coriolis parameter
f is positive. Over the shelf, assumed level, the only effect of N2 =
const is to limit the thickness of the bottom boundary layer (BBL).
Otherwise, the BBL stress and transport are as for a BBL formed in
a N2 = 0 case. Over the slope, when the bottom slope is assumed
fixed, the BBL is a buoyant one as described in Middleton and Rams-
den (1996).

BBL flows actually exist and, if so, whether they have
practical consequences remains to be seen.

The thickness of the BML at different parts of the
cyclewas found to be different. Therefore, the existence
of even a dlight time dependency in the interior current
could explain the BML height difference Houghton and
Visbeck (1998) encountered within the Middle Atlantic
Bight during the two cruises (3—-6 and 10-12 m).

As a sensitivity check some of the runs were recom-
puted on a finer horizontal resolution (6x = 500 m) and
a smaller time step (6t = 1 min). Although there were
some small quantitative changes (e.g., the net downslope
transport in the lower slope for the standard case in-
creased from 4 X 104 to 5 X 10* cm? s71), the same
qualitative behavior described here was repeated and the
results were slightly smoother in the downslope region.

Last and as in RW-I, the results found here may be
extended to the area of the continental shelf break where
there is a discontinuity in the slope rather than the strat-
ification (Fig. 11). It has been argued in RW-I that the
buoyancy term in the cross-slope momentum balance,
that is, gBa(T — T), describes the front dynamics (when
T varies with x) or, equally well, the variable topography
dynamics (when « varies with x). In other words, the
case of aconstant bottom slope and variable stratification
(front) is dynamically similar to the case of a variable
bottom slope (as in the shelf break) and uniform back-
ground stratification. Therefore, alternating phases of
mixed layer growth and collapse, detrainment and en-
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trainment around the slope discontinuity, and bottom
stress variation are expected around the continental shelf
break in similar fashion as to the ones around the front.
Indeed, Yanagi et a. (1992) measured large vertical sed-
iment fluxes occurring during the ebb rather than during
the flood tides at the Tokyo Bay shelf break. They aso
suggested that this *‘tidal pump” was a result of the
differentia turbulent mixing and water depth across the
sides of the shelf edge. The semidiurnal tide was very
strong and the tidal ellipse was mainly aligned with the
north—south direction, that is, along the slope, in accor-
dance with the results presented here. Also, in Puig et
al. (2001) it isnicely shown that the shelfbreak isaregion
of detaching bottom layers. However, it is not clear what
the interior flow was like then.

In this light, using the results of section 4b, one can
explain the shelfbreak jet that several investigators have
described observationally and numerically. It was
shown there that the BBL convergence at the foot of
the front (imposed by a southward interior current) will
result in doming of the isopycnals in the interior and
therefore, because of thermal wind balance, acceleration
southward of the interior current. The southward jet is
the result of the front and shutdown buoyant Ekman
layer dynamics and is independent of the existence of
a shelf break. However, in the dynamically similar sce-
nario described in the previous paragraph, one will ex-
pect to see a southward jet also when the background
stratification is constant but the bottom topography
varies as near the shelf break. Therefore, an along-iso-
bath jet is the result of BBL dynamics related to the
shutdown of the cross-slope Ekman flow that can arise
because of either variable background stratification or
variable topography (or of course both). All investi-
gators agree that the jet speed is about 10-50 cm s—*
with much of the variability attributed to local wind
forcing, circulation of the slope water and Gulf Stream
rings, and the effect of tidal forcing (Fratantoni et al.
2001). The current found here is 16 cm s—*.
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